The Earthquake Mechanism Laboratory performed seismic noise experiments at the Norwegian Seismic Array (NORSAR) during the winter of 1968-1969. Coherence estimates, made for the seismic noise field, show azimuthal dependency as well as pronounced secondary maxima. The observed cross-spectra can be explained by an interference process of seismic waves approaching from different directions. For a constant seismic wave velocity, the model cross-spectra give frequency-dependent time differences between sensors. Comparisons between the modelled and real cross-spectral estimates show good agreement.
Introduction
The Earthquake Mechanism Laboratory (EML) performed seismic experiments at the Norwegian Seismic Array (NORSAR) during the winter of [1968] [1969] . A report, describing the experiment and giving interpretations of the data, was prepared by Murdock & Pfluke (1970) . At frequencies in the band near 0.3 Hz, we found the microseisms at NORSAR to show the greatest coherence in the direction of apparent propagation, an interpretation agreeing with that of , also, secondary maxima were prominent on both our coherence estimates and those of Rygg, Bungum 62 Bruland. We (Murdock 62 Pfluke 1970) developed a mathematical model of the noise field that gave coherence functions similar to those estimated from the real data. The model depicted the seismic noise to impinge upon a subarray from a broad azimuthal band. In an independent effort, by studying frequencywave number spectra made from the real data, also interpreted the noise to approach from a broad azimuthal range; they called this type of noise ' arc noise '. Recently, we have refined our model, obtaining coherence computations that provide a better fit to the observations. The purpose of this paper is to described briefly the general mathematical model and to show comparisons between the modeled and real seismic noise fields.
Development of the theoretical model
The seismic noise field is modeled by superimposed uncorrelated plane surface waves, z,(t), that propagate in a half-space across an array of sensors. The seismic noise at the mth sensor is the sum of the convolutions of zi(t) with the weighting functions hmi(t): where the summation is taken from 1 to N , the number of impinging rays. The wave trains are assumed to propagate unattenuated across the array, making the weighting functions simple time delays measured in an arbitrary co-ordinate system:
where the right side of the equation is a Dirac delta function. The parameters used in the following relationships are defined diagramatically in Fig. 1 , where rmi, tmi, $mi, etc. are position vectors, delay times and angles with respect to the origin of co-ordinates. A weighting function for a plane wave train passing from the mth to the nth sensor is defined as
Taking Fourier transforms of equations (2) and (3), we obtain
and
where the asterisk represents complex conjugation. The cross-spectrum between the mth and nth sensor is-
For the study of niicroseisms, it is desirable to consider cross-spectra from a statistical viewpoint similar to that found in Lacoss, Kelly & Toksoz (1969) . Therefore, in further development we use the expected value of the cross-spectrum p m n ( f ) = E{Pmn(f I>.
(10)
Since the impinging wave trains are assumed to be white noise and uncorrelated, E { Z , * ( f ) .Z,(f)} = aiz when i = k,
Combining the previous relationships we obtain
whence we can obtain an expression for the coherence and the phase difference Isotropic noise may be modeled by rays that impinge with equal power from all directions at equispaced angles. By substituting for tmni in equation (12) we obtain Then if we let N-+ 00, we obtain
The integral in equation (16) is an expression of the zero-order Bessel function. Hence From this we obtain the familiar expression (Backus et al. 1964) for the coherence of isotropic noise propagating in a half space:
To show the influence of the respective variables, we have computed the coherence and phase difference for three different cases of noise propagating across a model array. The noise lobes (insets of Fig. 2) were defined approximately by the Gaussian function
where 4 is the angle measured from the direction of maximum model power and y is the angle where 68 per cent of the maximum power exists. Each lobe was approximated by 36 equispaced rays. The sufficiency of 36 rays to approximate the continuous lobe was tested for an isotropic type lobe; the computed coherence agreed with the Bessel function tables to three decimal places for the frequencies under consideration.
The model parameters used were: velocity = 3.5 km s-', maximum power = 1, y = 1~14, 3x18, 7112. (1) In general, the coherence is greatest for sensor pairs oriented approximately in line with the direction of maximum power.
(2) The amplitude of the coherence curves, as well as the amplitude of the secondary maxima, seem to be a function of the lobe width; the smallest lobe width produces the largest coherence.
(3) For a given lobe, the sensor pair 00x02, aligned about perpendicular to the direction of maximum power, gives the greatest coherence variations; the widest lobe, y = 4 2 , produces coherence for this pair that closely approximates isotropic noise.
(4) The frequency at which secondary maxima and minima occur seems to be governed by the lobe width; for a given sensor pair, the widest lobe produces a minimum at a lower frequency than those for the other two lobes.
A change in the model velocity also produces changes in the coherence functions. The effect of increasing velocity is to shift the features of the coherence function toward higher frequencies.
Apparent propagation times between the sensors, computed for the three lobes from the phase angles (equation (14) ), are shown in Fig. 3 ; we assumed monotonically increasing phase to produce the time plots. The time parameters are governed by the lobe width also: at low frequencies, the narrowest lobe, y .= 44, gives the largest time parameters for the pairs 00x01 and 00x03; conversely, the widest lobe gives the smallest time parameters. The largest fluctuations are for the pair 00x02, where the phase angles fluctuate between 0 and n. At high frequencies, all three lobes give approximately equal time parameters. For a given lobe, the time parameters produce the illusion of frequency-dependent azimuth of approach. Toksoz (1964) found similar fluctuations by studying the propagation of two rays with azimuthal separations of 90" and 180".
Comparison between model and real estimates
To test the feasibility of our concept of the noise field, we have attempted to model the coherence observed at one of the NORSAR sub-arrays. To fit the model to the real information, a lobe pattern defined by equation (19) was used; iterative adjustments were made to the model velocity, to the direction of maximum power (4 max), and to y. No attempt was made to model dispersion or the effects of estimation bias. Fig. 4 , produced by using a model velocity = 3.25kms-', 4max = N70W, and Because the estimated coherence of the real data (Fig. 4) is low for a large portion of the frequency band, phase differences at middle and high frequencies have little meaning. Therefore, we made no attempt to adjust the model to fit the phase data. A typical comparison between observed spectra and their corresponding theoretical ones is given in Fig. 5. 
Discussion
From seismic refraction data recorded at NORSAR, one of the authors (Murdock, to be submitted to Earthquake Notes) interpreted a 2 km thick layer of 5.5 km s-l P velocity to overlie a layer of 6.3 km s-' P velocity, a model in general agreement with one published previously by Sellevoll & Pomeroy (1968) . These models are consistent with our assumption that the NORSAR site geology can be approximated realistically by a half-space for waves propagating at frequencies of 0.1 to 1.0 Hz. The half-space approximation implies that the fundamental Rayleigli mode would be predominant in the seismic noise field. Higher modes would complicate the coherence spectra. For example, should four modes of equal energy be present, the contribution of each of the successively higher modes would be to produce an absolute minimum at frequencies successively higher than that computed for the fundamental. The coherence spectrum would be an average of the four functions. In general, no absolute minimum would exist at low frequencies.
Prior to studying the effects of interference processes, we regarded the geology at the monitoring site to be the main factor governing the simple coherence of nonisotropic noise; we have found, however, that other variables may make sizeable contributions to the simple cross-spectral estimates. Among the variables are the shape of the noise lobe and the sensor pair orientation.
